The main purpose of the present paper is to discuss whether or not the collective flows in heavyion collision at Fermi energy can be taken as a tool to investigate the cluster configuration in light nuclei. In practice, within an Extended Quantum Molecular Dynamics model, four α-clustering (linear chain, kite, square, and tetrahedron) configurations of 16 O are employed in the initialization, 16 O+ 16 O around Fermi energy (40 -60 MeV/nucleon) with impact parameter 1 -3 fm are simulated, the directed and elliptic flows are analyzed. It is found that collective flows are influenced by the different α-clustering configurations, and the directed flow of free protons is more sensitive to the initial cluster configuration than the elliptic flow. Nuclear reaction at Fermi energy can be taken a useful way to study cluster configuration in light nuclei.
With the rapid development in both theoretical and experimental methods, α clustering structure in light nuclei has attracted much more attention in recent decades [1] [2] [3] . There are various theoretical models to study α cluster in light nuclei. For example, the ab initio method [4, 5] , the Fermion Molecular Dynamics model (FMD) [6, 7] , the Antisymmetric Molecular Dynamics model (AMD) [8] [9] [10] [11] , the extended Quantum Molecular Dynamics model (EQMD) [12] [13] [14] [15] [16] , the α-cluster model [17] , the algebraic cluster model [18] , the Covariant density functional theory [19] and so on. Regarding the α-clustering configuration in 16 O, the chain configuration of 4α clusters in 16 O was investigated using a Skyrme cranked Hartree-Fock method [20] as well as the Brink wave functions [21] , while a tetrahedral configuration of α clusters was discussed in Refs. [22, 23] . In the experimental point of view, however, the whole picture of α-clustering configuration in nucleus is still not emerged so far although some experimental signatures have been indicated for information of α clusters in nuclei [2, 22, 24] . It is necessary to find more observables to explore cluster configuration in nuclei.
Recently, it was proposed that using collective flows in relativistic nuclear collisions to probe α-clustering in light nuclei, which offers a new idea for investigating the cluster configuration [25] [26] [27] . Collective flow which has been studied over a wide range of beam energies and reaction systems, is one of the most important observable to probe the nuclear equation of state, the in-medium nucleon-nucleon cross section, the quark-gluon plasma, the viscosity and so on [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Thus, it is very interesting to evaluate whether it can be used to probe cluster configuration in light nuclei at Fermi energies.
In this work, within an extended quantum molecu- * Email: Corresponding author. ygma@sinap.ac.cn lar dynamics (EQMD) model, the influence of cluster configuration on collective flows of protons produced in 16 
O +
16 O collisions at the Fermi energy is investigated. The EQMD model is based on the Quantum molecular dynamics (QMD) model which is a N-body approach with considering several improvements, the approaches can be used to simulate nuclear reaction and mesoninduced reaction at both very low energies and relativistic energies [42] . In QMD-type model, each nucleon is represented by a Gaussian wave packet. In the initialization of projectile and target in QMD-type models, The centers of the Gaussian wave packet of nucleons are randomly chosen in coordinate space between 0 and the radius of projectile or target as well as momentum space between 0 and the Fermi momentum at the local density with considering several constraints, such as a proper binding energy, density and momentum distributions. However, the initializied nuclei are not always at their ground state (energy-minimum state), thus some unexpected nucleons are emitted during collision process even at zero temperature. In order to solve those problems, an extended version of QMD model was developed by Maruyama et al., named EQMD [43] . In the EQMD model, unlike the standard QMD model, the width of Gaussian wave packet of nucleon is a complex and has the form, i.e. ν i ≡ 1 λi + iδ i , where λ i and δ i are its real and imaginary parts which are also time-dependent, respectively. The Gaussian wave packet is
here r i (t) and p i (t) are the centers of wave packet of nucleon i in the coordinate and momentum space, respectively. The total wave function of a N-body system is assumed as the direct product of the Gaussian wave packet, i.e. Ψ= tem is given as
where T c.m. denotes the spurious zero-point center-of mass kinetic energy caused by the zero-point oscillation of the center-of-mass wave function of the clusters. The subtraction of the spurious zero-point center-of mass kinetic energy is necessary for reproducing binding energy of nuclei and cannot be neglected when one studies nuclear structure and reaction at low energies, more details about T c.m. can be found in Ref. [44] . H int is the potential energy term, it contains several parts as follows,
where H Skyrme , H Coulomb , H Symmetry and H Pauli are the Skyrme, Coulomb, Symmetry and Pauli potential terms. More details can be found in Ref. [43] . Recently, the EQMD model was also extended to treat photonuclear reactions [14, 45, 46] . In our previous studies, different α-clustering structures and their effects on dipole resonance and photonuclear reactions of 16 O and 12 C have been investigated [12] [13] [14] . Here to study the influence of initial α-cluster configurations on the collective flow, four configurations, namely linear chain, kite, square, and tetrahedron of 4-α structure for 16 O are employed at the initialization, and random orientations are used to get the initial state for 16 
O+
16 O. More than 600,000 events for each configuration are simulated, in order to reduce statistical error for observables. x + p 2 y is the transverse momentum of emitted particles, p z is the z-component of momentum and E is the total energy in the center-of-mass system. As usual, the x -axis is defined to be along the impact parameter vector and the y-axis perpendicular to that in the reaction plane, the z -axis along the beam direction.) First, in Fig.1 (a) we clearly see that the directed flow parameter v 1 decreases with increasing rapidity (called negative flow, which means that particles are more likely to undergo a rotational-like motion rather than a bounceoff motion. The value of the elliptic flow parameter v 2 at mid-rapidity (y z =0) are sightly larger than zero, as seen in Fig.1 (b) , which implies a preferential in-plane emission rather than an out-of-plane emission pattern. Indeed, the observed negative directed flow and in-plane elliptic flow around the Fermi energy have been well established in both experimental and theoretical studies [28, 32, 47, 48] , this results from the domination of attractive part of the nucleon-nucleon interaction over the repulsive part on the nucleon-nucleon scattering. Second, the v 1 of protons produced from the tetrahedron (more compact shape) configuration is much negative than that from the chain (less compact shape) configuration, because of a stronger interaction originated from a higher density in collisions with the former configuration (as will be seen in Fig.2 ). In addition, we can see that, the differences in v 1 and v 2 between different cluster configurations become noticeable around the projectile/target rapidity region. From Fig.1 (b) , we find that the calculated v 2 at mid-rapidity from the tetrahedron configuration is sightly smaller than that from the chain configuration, however, the situation is reverse around the target and projectile rapidities. This phenomenon may result from two factors: (i) relatively more violent two-body scatterings in the tetrahedron configuration determined by the initial geometry lead to smaller values of v 2 (towards out-of-plane emission) at mid-rapidity; (ii) weaker interactions exist in the quasi-projectile and quasi-target region in the chain configuration weaken the rotational-like motion of nucleons. In general, we note that the directed flow of free protons is more sensitive to the initial cluster configuration than the elliptic flow.
To better understand the influence of initial configuration on the reaction dynamic process, time evolution of the nucleon density in the reaction plane for 16 O+ 16 O collisions at 40 MeV/nucleon is shown in Fig.2 as an example. At initial stage (here t=100 fm/c, because the projectile and target nuclei are put far away), see Figs.2(a), (d), (g), and (j), the nucleon density contours for those four different configurations have almost spherical shapes, this is because the initial configuration are randomly orientated for each event, and 1000 events are accumulated to draw these contour plots. Nevertheless, the difference among them can be seen. It is understandable that, the contour of nucleon density for the chain configuration is the largest, while it for the tetrahedron configuration is the smallest. The difference in the density distribution at the initial stage will certainly affect the density evolution afterwards. As can be seen in the last two columns of Fig.2 , at t = 160 fm/c, the nucleon In the inserts of (a), (d), (g) and (j), sketches for 4 different α-clustering configurations are plotted. 1000 events were collected to make the statistical error is small enough. density in the center of the compressed region slightly increases from the chain to the tetrahedron configuration, and at t = 200 fm/c, the nucleon density in the center of the quasi-projectile and quasi-target region also increases from the chain to the tetrahedron configuration. Different densities achieved during the reaction would lead to different pressures, therefore, one can see that the final observables such as collective flows are influenced by the initial configuration.
To exhibit more systematically the influence of cluster configuration on the collective flows, 16 O+ 16 O reaction with different impact parameters and beam energies are focused on. The results of the directed and elliptic flows of free protons are shown in Figs.3 and 4 . As we can see from upper panels of Fig.3 , the difference between different cluster configurations is more evident for the larger impact parameters. We have checked that the difference in the nucleon density contour in the reaction plane increases with increasing impact parameter, which results in a larger sensitivity of the directed flow to the cluster configuration. For more central collision, the collision number is hardly influenced by cluster configuration due to random orientations of the initializied projectile and target, while for more peripheral collision, the collision number is strongly dependent on the initial geometry, thus the flow is sensitive to the cluster configuration. The directed flow at different beam energies is shown in Fig.4 . The sensitivity of the directed flow to the cluster configuration decreases with increasing beam energies, e.g., at 60 MeV/nucleon, we can see almost the same directed flow with different cluster configurations. In both Fig.3 and Fig.4 , we find that the elliptic flow is less sensitive to different cluster configurations than the directed flow. Beam energy below 40 MeV/nucleon is not considered, because nuclei are more likely to undergo fusion then the collective flows of nucleons become quite weak. The energy dependence of collective flow in HICs has been widely studied both experimentally and theoretically (see, e.g., [47, 48] ), with increasing beam energy, the multiple scattering process is dominant in comparison with the contribution coming from the effect of the clustering configuration.
In summary, 16 O+ 16 O reactions with the linear chain, kite, square, and tetrahedron 4-α configurations around Fermi energy were simulated by the EQMD model and their directed and elliptic flows of free protons are focused. It is found that the directed flow of protons produced from the tetrahedron configuration is more negative than that from the chain configuration, while in-plan elliptic flow from the tetrahedron configuration is smaller than that from the chain configuration. This can be understood from the difference in the mean-field potential and two-body scattering caused by the initial geometry. Moreover, we also found that the directed flow of protons shows a larger sensitivity to the initial cluster configuration than the elliptic flow. In addition, through the simulation of 16 O+ 16 O reaction at different impact parameters and beam energies, it is shown that the directed flow from reaction with a larger impact parameter and a smaller beam energy (around 40 MeV/nucleon) is suggested for future measurement to probe the cluster configuration in 16 O. From an experimental point of view, a precise measurement of the collective flow is relative easier for a larger colliding system due a better determination of the reaction plane. Thus, it would probably be advisable to investigate the cluster configuration with nuclear reaction such as, 16 O ( 12 C) + 124 Sn ( 197 Au). In a future study, such reactions will be simulated within the same microscopic transport model. Finally, we shall mention that here we did not touch the study of highorder flows, such as triangular flow (v 3 ) and 4-th flow (v 4 ), which have been extensively studied in relativistic heavy ion collision [26, 35] . In principle, v 3 and v 4 will be significant for nuclear reaction with triangle 3-α clustering nuclei ( 12 C) and 4-α clustering nucleus ( 16 O), respectively. Anyway, such high-order flows leave us a topic to be addressed in near future.
